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In o r d e r  t o  a i d  i n  t h e  assessment o f  t h e  p o t e n t i a l  biomedical and environmental  conse- 
quences of coa l  combustion f o r  e l e c t r i c  power genera t ion ,  w e  have performed d e t a i l e d  
c o l l a b o r a t i v e  s t u d i e s  o f  t h e  phys ica l  and chemical p r o p e r t i e s  of s i z e - f r a c t i o n a t e d  
coa l  f l y  ash.  In t h i s  r e p o r t ,  we demonstrate t h a t  many o f  t h e  phys ica l  and chemical 
p r o p e r t i e s  o f  aerodynamically s i z e - c l a s s i f i e d  f l y  ash depend on t h e  r e l a t i v e  s i z e  d i s -  
t r i b u t i o n s  o f  each f r a c t i o n .  

Aerodynamically s i z e - c l a s s i f i e d  f l y  ash was c o l l e c t e d  downstream from t h e  e l e c t r o s t a t i c  
p r e c i p i t a t o r  (ESP) i n  t h e  s t a c k  breeching  of a l a r g e  southwestern U. S. power p l a n t  
burning low s u l f u r  (0.5%), high  a s h  (23%) coal .  The s p e c i a l l y  designed c o l l e c t i o n  
system (1) which c o n s i s t s  o f  two cyclones and a c e n t r i p e t e r  s e p a r a t o r  is capable  of 
s i z e - c l a s s i f y i n g  in situ kilogram q u a n t i t i e s  o f  s t a c k  f l y  ash.  
t o  c o l l e c t  f l y  ash from s t a c k  gas ,  t he  appa ra tus  y i e lded  a t o t a l  o f  8.08 kg o f  f l y  a sh  
i n  f r a c t i o n s  wi th  volume median d iameters  (VMD) of 20 pm ( f r a c t i o n  l ) ,  6.3 pm ( f r a c t i o n  
2 ) ,  3.2 pm ( f r a c t i o n  3 )  and 2.2 pm ( f r ac t ion  4) a l l  with geometric s tandard  d e v i a t i o n s  
of approximately 1.8. The s i z e  d i s t r i b u t i o n  d a t a  determined by o p t i c a l  s i z i n g ,  c e n t r i -  
fuga l  sed imenta t ion  and Cou l t e r  ana lyses  a r e  p re sen ted  i n  Table 1. 

Phys ica l  S tud ie s  

Based on l i g h t  microscopic s tudy  o f  t h e  four  f l y  a s h  f r a c t i o n s ,  w e  have developed a 
p a r t i c l e  morphogenesis scheme (Fig. 1). The phys ica l  c h a r a c t e r i s t i c s  of opac i ty ,  
shape and type  o f  i n c l u s i o n  u t i l i z e d  i n  t h e  morphogenesis scheme appear t o  be  r e l a t e d  
t o  degree  and e x t e n t  o f  exposure o f  t h e  f l y  a s h  t o  combustion zone tempera tures .  

Eleven p a r t i c l e  t ypes  and t h e i r  p robable  mat r ix  composition a r e  c l a s s i f i e d  (Fig.  1): 
1 )  amorphous, non-opaque, 2) amorphous, opaque, 3) amorphous, mixed opaque and non- 
opaque, 4) rounded, v e s i c u l a r ,  non-opaque, 5) rounded, v e s i c u l a r ,  mixed opaque and non- 
opaque, 6) angular ,  lacy,  opaque, 7) non-opaque, cenosphere (hollow sphe re ) ,  8)  non- 
opaque, p l e rosphe re  (sphere packed wi th  o t h e r  sphe res ) ,  9) non-opaque, s o l i d  sphe re ,  
10) opaque sphere and 11) non-opaque spheres  wi th  e i t h e r  su r face  o r  i n t e r n a l  c r y s t a l s .  
We have quan t i f i ed  t h e  r e l a t i v e  abundances o f  each o f  t h e  11 morphologic p a r t i c l e  t ypes  
i n  t h e  f o u r  f r a c t i o n s  (Table 2 ) .  The r e l a t i v e  abundance of a l l  p a r t i c l e  t ypes  excep t  
non-opaque, s o l i d  spheres  appears  t o  i n c r e a s e  wi th  t h e  inc reas ing  p a r t i c l e  s i z e  o f  t h e  
f l y  a sh  f r a c t i o n s .  The r e l a t i v e  abundance o f  non-opaque, s o l i d  spheres  i s  i n v e r s e l y  
dependent on p a r t i c l e  s i z e .  
t h e  morphologic p a r t i c l e  t ypes  i n  t h e  f o u r  f l y  ash f r a c t i o n s  i n d i c a t e d  h igh ly  s i g n i f i -  
c a n t  (p < 0.001) d i f f e r e n c e s  f o r  a l l  s i x  p o s s i b l e  comparisons. 

The apparent  d e n s i t i e s  of t h e  fou r  f r a c t i o n s  (Table 2)  can be  n e g a t i v e l y  c o r r e l a t e d  
( r  = -0.978; p < 0.05) with  t h e  VMD's. Furthermore,  l i n e a r  r e g r e s s i o n  ana lyses  o f  
t h e  f r a c t i o n a l  d i s t r i b u t i o n  d a t a  wi th  t h e  d e n s i t i e s  o f  t h e  ind iv idua l  s i z e  f r a c t i o n s  
i n d i c a t e  s i g n i f i c a n t  (p < 0.05) p o s i t i v e  c o r r e l a t i o n s  f o r  t h e  fo l lowing  p a r t i c l e  t y p e s :  
1 )  amorphous, non-opaque, 4 )  rounded, v e s i c u l a r ,  non-opaque, 7 )  non-opaque cenospheres  
and 10) opaque sphere.  
non-opaque spheres  (p < 0.01).  
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When used f o r  12  days  

Chi-square ana lyses  o f  t h e  r e l a t i v e  d i s t r i b u t i o n  d a t a  of 

S i g n i f i c a n t  nega t ive  c o r r e l a t i o n  was found only  f o r  s o l i d ,  
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Chemical S t u d i e s ,  

The f l y  ash f r a c t i o n s  were analyzed f o r  3 5  elements by in s t rumen ta l  neut ron  a c t i v a t i o n  
a n a l y s i s  (INAA) a t  t h e  Lawrence Livermore Laboratory and f o r  18 elements by atomic 
abso rp t ion  spec t roscopy (AAS) a t  t h e  Radiobiology Laboratory.  
n iques  have been p rev ious ly  desc r ibed  ( 2 ) .  
were undertaken bo th  l a b o r a t o r i e s  performed ana lyses  of t h e  Nat iona l  Bureau of Stand- 
a r d s  (NBS) Standard Reference Mate r i a l ,  Trace Elements i n  Coal Fly Ash (SRM 1633). 
Agreement of a l l  a n a l y t i c a l  r e s u l t s  from both l a b o r a t o r i e s  wi th  p rev ious ly  publ i shed  
(3)  o r  NBS c e r t i f i e d  va lues  was e x c e l l e n t .  The i n t e r l a b o r a t o r y  comparison has been 
r epor t ed  by Ondov et a l .  

Summary t a b l e s  o f  t h e  a n a l y t i c a l  r e s u l t s  a r e  p re sen ted  f o r  t hose  elements d i sp l ay ing  
concen t r a t ions  independent  o f  p a r t i c l e  s i z e  (Table 3) and dependent on p a r t i c l e  s ize  
(Table 4 ) .  
s u l t s  of t h e  a n a l y t i c a l  t echn ique  wi th  t h e  smal le r  c o e f f i c i e n t  of v a r i a t i o n .  Data 
from atomic abso rp t ion  ana lyses  are the  average of two independent de te rmina t ions ;  t h e  
INAA d a t a  a r e  t h e  weighted averages  o f  t h r e e  independent de te rmina t ions .  
t i o n  dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  wi th  t h e  c r i t e r i a  
t h a t  c o n s i s t e n t  concen t r a t ion  t r e n d s  beyond exper imenta l  u n c e r t a i n t y  were observed 
f o r  each  f r a c t i o n ,  a l though  s i g n i f i c a n t l y  h ighe r  concen t r a t ions  o f  t h e  element may 
have been observed i n  t h e  f i n e s t  f r a c t i o n  r e l a t i v e  t o  t h e  c o a r s e s t  f r a c t i o n .  

With t h e  except ion  o f  s i l i c o n ,  which appears  t o  dec rease  with dec reas ing  p a r t i c l e  
s i z e ,  t he  major element composition o f  t h e  f r a c t i o n a t e d  f l y  a sh  i s  r e l a t i v e l y  indepen- 
dent  o f  p a r t i c l e  s i z e .  Grea te r  than  92% of t he  mass of t h e  f r a c t i o n a t e d  f l y  a sh  can 
be accounted f o r  by o x i d e s  of S i ,  A l ,  F e  and Ca. An enhancement f a c t o r  was def ined  
as t h e  r a t i o  o f  t he  element concen t r a t ion  i n  c u t  4 ( f i n e s t )  t o  i t s  concen t r a t ion  i n  
c u t  1 ( c o a r s e s t ) .  The more v o l a t i l e  elements (or t h e i r  oxides) ,  Cd, Zn, Se, As, Sb, 
Mo, Ga, Pb and V d i s p l a y  c l e a r - c u t  i n c r e a s e s  i n  concen t r a t ion  wi th  decreas ing  pa r -  
t i c l e  s i z e ,  i n  agreement wi th  t h e  vapor-condensation mechanism of  Natusch and Wallace 
(4) .  I t  i s  impor tan t  t o  no te ,  however, t h a t  r e f r a c t o r y  elements a l s o  d i s p l a y  concen- 
t r a t i o n  t r ends  i n v e r s e l y  dependent on p a r t i c l e  s i z e .  Therefore ,  p rocesses  o t h e r  than 
vapor condensation are involved i n  t h e  concen t r a t ion - s i ze  r e l a t i o n s h i p .  The elements 
U and Cr a r e  a s s o c i a t e d  w i t h  t h e  o rgan ic  f r a c t i o n  o f  coal  (5) and may b e  r e l eased  i n  
t h e  combustion p r o c e s s  a s  f i n e  p a r t i c l e s  which may agglomerate wi th  o t h e r  p a r t i c l e s .  
The elements Fe ,  Mn, Ba, and S r  (5) may i n  p a r t  be p re sen t  as  carbonate  minera ls  
which decompose t o  form f i n e  p a r t i c l e s  du r ing  coa l  combustion and aga in  agglomerate 
wi th  o the r  p a r t i c l e s .  
t h e  a l u m i n o s i l i c a t e  i n  t h e  coal  (5 ) .  Thus, mineral  decomposition and e lementa l  d i s -  
t r i b u t i o n  may i n  p a r t  exp la in  t h e  e lementa l  t r ends  o f  t h e  h igh  b o i l i n g  chemical 
spec ie s .  

I n  summary, many p h y s i c a l  and chemical p r o p e r t i e s  o f  coal  f l y  a sh  a r e  dependent on 
p a r t i c l e  size.  
p l a ined  by t h e  h ighe r  r e l a t i v e  abundance of v e s i c u l a r  p a r t i c l e s  and lower r e l a t i v e  
abundance o f  s o l i d ,  non-opaque sphe res  i n  l a r g e r  s i z e  f r a c t i o n s .  The elements A i ,  
Fe, Ca, Na, K ,  T i ,  Mg, S r ,  Ce, La, Rb, Nd, Th, N i ,  Sc,  Hf, Co, Sm, Dy, Yb, C s ,  Ta, 
Eu and Tb do n o t  d i s p l a y  c l e a r - c u t  concen t r a t ion  t r e n d s  wi th  p a r t i c l e  s ize .  
was t h e  only  element ana lyzed  w i t h  c l e a r - c u t  d i r e c t  concen t r a t ion  dependence wi th  
p a r t i c l e  s i z e .  
Cd, Zn, Se, A s ,  Sb, W, Mo, Ga, Pb, V, U, C r ,  Ba, Cu, Be and Mn. Although a vapor- 
condensation mechanism may e x p l a i n  t h e  concen t r a t ion  t r e n d s  f o r  t h e  v o l a t i l e  elements,  
mineral  decomposition and e lementa l  d i s t r i b u t i o n  wi th in  t h e  coa l  are probably impor- 
t a n t  p rocesses  c o n t r i b u t i n g  t o  t h e  i n v e r s e  concen t r a t ion  dependence observed f o r  t he  
h ighe r  b o i l i n g  chemical spec ie s .  

The a n a l y t i c a l  tech-  
Before ana lyses  of t h e  f l y  ash f r a c t i o n s  

( 2 ) .  

For elements analyzed by b o t h  INAA and AAS, t h e  d a t a  r epor t ed  a r e  t h e  re- 

Concentra- 

Copper is probably  p re sen t  i n  p a r t  a s  t h e  s u l f i d e  and Be a s  

Apparent d e n s i t y  v a r i e s  i n v e r s e l y  wi th  p a r t i c l e  s i z e  and may b e  ex- 

S i l i c o n  

Inve r se  concen t r a t ion  dependence w i t h  p a r t i c l e  s i z e  was observed f o r  
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Table 1. S i z e  Parameters f o r  the  F ly  Ash Frac t ions  

1 2.73 2.20 18.5 2 .8  20.0 1.8 
2 2.58 1.86 6.0 2.0 6 . 3  1.8 
3 1.14 1.73 3.7 1.7 3.2 1.8 
4 0.92 1.52 2.4 1.8 2.2 1.9 

~ 

'Count median diameter  determined from scanning 

2Mass median d iameter  determined from Stokes d i f f e r e n -  

3V01wne median d iameter  determined by Coul te r  a n a l y s i s .  
'Geometric s tandard  devia t ion .  

e 1 e c t  ron  micrographs . 
t i a l  s e t t l i n g  i n  aqueous d i s p e r s i o n .  

Table 2 .  Re la t ive  Abundance (%) o f  Morphologic P a r t i c l e  Types i n  t h e  Four Fly Ash 
F r a c t i o n s  

P a r t i c l e  Type Frac t ion  
1 2 3 4 

1. 
2. 
3. 

4. 
5. 

6 .  
7. 
8. 
9 .  

10. 
11. 
12. 

Amorphous, non-opaque 
Amorphous, opaque 
Amorphous, mixed opaque and 

Rounded, ve s i c u l a r  , non -opaque 
Rounded, v e s i c u l a r ,  mixed opaque 

Angular, lacy,  opaque 
Non-opaque, cenosphere 
Non-opaque, p l e r o s p h e r e  
Non-opaque, s o l i d  sphere  
Opaque sphere  
Non-opaque s p h e r e  with c r y s t a l s  
Combined* p a r t i c l e  types  2 and 6 

non - opaque 

and non-opaque 

VMD ( w )  
Densi ty3 (g/cm3) 

7.25 
0.42 
0.77 

12.39 
2.27 

1.34 
41.11 
0.51 

25.58 
1.56 
6.80 -- 

20 
1.85 

2.13 0.79 0.33 
0.18 -- -- 
0.09 -- -- 
6.67 2.91 2.99 
0.24 -- 0.03 

0.57 0.27 0.33 
26.22 13.20 7.91 
0.21 -- -- 

56.01 79.16 86.99 
0.90 0.33 0.24 
6.79 3.18 0.95 
-- 0.15 0.24 

6 . 3  3.2 2.2 
2.19 2.36 2.45 

l A  t o t a l  of approximately 3000 p a r t i c l e s  f o r  each s i z e  f r a c t i o n  were c l a s s i f i e d  

'Combined due t o  i n a b i l i t y  t o  d i s t i n g u i s h  between these  c l a s s e s  f o r  t h e  f i n e r  

3Apparent d e n s i t y  determined by gravimet r ic  displacement  o f  1-propanol. 

f r o m  random f i e l d s  us ing  t h r e e  microscope s l i d e s  p e r  f r a c t i o n .  

p a r t i c l e s .  
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Table 3. Elemental Concentrat ions Independent' of P a r t i c l e  S i z e  

Element Technique Frac t ion  1 Frac t ion  2 Frac t ion  3 Frac t ion  4 
(VMD = 20 pm) (VMD = 6.3 pm) (VMD = 3.2 pm) (VMD = 2.2 urn) 

A 1  AAS2 

C a  AAS 
Na AAS 
K AAS 
T i  AAS 
Mg AAS 

Fe I N A A ~  

S r  INAA 
Ce I N A A  
La INAA 
Rb INAA 
Nd INAA 
Th INAA 
N i  AAS 
s c  I N A A  
H f  INAA 
co INAA 
Sm INAA 
DY INAA 
yb INAA 
cs I N A A  
Ta INAA 
Eu INAA 
Tb INAA 

Concentrat ion i n  % 

13.8(0.1) 14.4(0.1) 
2.5 (0.1) 2.9(0.2) 
2.12 (0.14) 2.23( (0.08) 
1.19 (0.13) 1.75 (0.05) 
0.74 (0.01) 0.80 (0.07) 
0.62(0.05) 0.76 (0.05) 
0.47(0.01) 0.56(0.01) 

Concentrat ion i n  pg/g 

410(60) 
113(4) 
62 (3) 
51 (3) 
45 (4) 

25 (3) 
25.8(0.6) 

12.6( 0.5) 
9.7 (0.4) 

8.2 (0.3) 
6.9 (0.3) 
3.4(0.4) 
3.2(0.1) 

8.9 (0.2) 

Z.l(O.1) 
1.0( 0.1) 
0.90 (0.05) 

540 (140) 
122 (5) 

68 (4) 
56 (4) 
47(4) 

3 7 U )  
28.3(0.6) 

15.3(0.6) 
10.3(  0.3) 
16.3( 0.8) 

g.l(O.4) 

4.1(0.4) 
3.7(0.2) 
2.3(0.2) 

1.06 (0.06) 

S.S(O.9) 

1.2 (0.2) 

14.2 (0.8) 
3.0(0.1) 
2.30 (0.14) 
1.83(0.06) 
O.SZ(0.08) 
0.77(0.11) 
0.60 (0.02) 

590 (140) 
123(6) 
67(11) 
57(3) 
49 (7) 
29 (1) 
43(4) 

19(1)  

15.8(0.6) 
10.5(0.3) 

9.2 (0.4) 
8.1 (0.3) 
4.0 (0.2) 
3.7(0.2) 
2.5 (0.3) 
1.2 (0.2) 
1.10 (0.07) 

14.1(0.3) 
3.2(0.1) 
2.38(0.09) 
1.85 (0.03) 
0 .81 (0.03) 
0.78(0.06) 
0.63(0.01) 

700 (2 10) 
120(5)  

69 (3) 
57(8)  
5 2 ( 6 )  
30(2) 
40(2)  
16.0 (0.2)  
10.3(0.5) 

9.7(0.4) 
8.5(0.8) 
4.2 (0.3) 
3.7(0.2) 
2.7(0.1) 
1.3(0.4) 
1.13 (0.06) 

21(1) 

'Concentration dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  with t h e  
c r i t e r i a  t h a t  c o n s i s t e n t  concent ra t ion  t r e n d s  beyond experimental  u n c e r t a i n t y  were 
observed f o r  each f r a c t i o n .  

i n  parentheses .  

t a i n t i e s  ( i n  parentheses)  are t h e  l a r g e s t  o f  twice the  weighted s tandard  d e v i a t i o n ,  
t h e  range,  or an e s t i m a t e  of  t h e  accuracy. 

2AAS values  are t h e  averages of two independent de te rmina t ions ;  t h e  ranges a r e  given 

31NAA values  a r e  t h e  weighted averages o f  t h r e e  independent de te rmina t ions ;  uncer- 
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O P A C I T Y  
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Fig. 1. Fly  ash  morphogenesis scheme i l l u s t r a t i n g  probable  r e l a t i o n s h i p  o f  o p a c i t y -  
and shape t o  p a r t i c l e  composition and exposure i n  t h e  combustion chamber. 


